Background Control of distraction rate with an intramedullary skeletal kinetic distractor (ISKD) may be problematic and a high distraction rate may result in insufficient bone regenerate. Questions/purposes Are distraction problems preventable when using the ISKD, and what are the risk factors for and radiologic types of insufficient bone regenerate during ISKD lengthening? Patients and Methods We analyzed 37 consecutive ISKD femoral lengthening procedures in 35 patients with a mean age 33 ± 11 years and minimum followup of 12 months (average, 27 ± 9 months; range, 12-55 months). The average length gain was 42.8 ± 12.9 mm. Results Eight patients had problems during distraction: seven had ''runaway nails'' and one had a nondistracting nail. Insufficient bone regenerate developed in eight patients. Important risk factors were a distraction rate greater than 1.5 mm/day (9.1 times higher risk), age 30 years or older, smoking, and lengthening greater than 4 cm. Less important risk factors identified were creation of the osteotomy at the site of previous trauma or surgery and acute correction of associated deformities. We proposed a radiologic classification for failure of bone regeneration: partial regenerate failure (Type I) or complete failure resulting in a segmental defect subdivided according to a length of 3 cm or less (Type IIa) or greater than 3 cm (Type IIb). Conclusions Distraction problems with the ISKD were related mostly to internal malfunction of the lengthening mechanism. A distraction rate greater than 1.5 mm/day should be avoided in femoral intramedullary lengthening.
Introduction
Insufficient bone regeneration and nonunion are known complications of limb lengthening techniques [6, 7, 22] . The biology of bone regeneration and healing and factors that affect its rate during limb lengthening using different forms of external fixators were studied extensively in animal models and clinical settings (Table 1) [1, 3, 6, 7, 9, 10, 16-18, 22, 24, 28, 30-32] . One of the most critical factors affecting bone regeneration is the distraction rate and rhythm [1, 6, 17, 30] . Radiologic types of insufficient bone regeneration with limb lengthening using external fixators and treatment options have been described [21, 22] .
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M. Kenawey (&), C. Krettek, E. Liodakis, R. Meller, S. Hankemeier Trauma Department, Hannover Medical School (MHH), Carl-Neuberg-Str. 1, 30625 Hannover, Germany e-mail: mohamed_kenawey@yahoo.com lengthening such as pin tract infection, transfixation of soft tissue and muscle contractures, joint stiffness, malalignment, neurovascular injuries, and refractures [2, 4, 11, 22, 23, 25] . These lengthening nails provide many advantages such as earlier rehabilitation, reduced risk of deep infections, reduced pain, and more rapid return to normal joint motion and activity, and therefore, improved patient comfort [2, 4, 11-13, 15, 26] .
The intramedullary skeletal kinetic distractor (ISKD) is a mechanically activated nail with an internal ratchet mechanism. Lengthening is achieved by rotation around the long axis of the bone by 3°to 9° [4, 13, 15] . These ratcheting mechanisms may cause difficulties in controlling the distraction rate and rhythm, and there are reports of nails with high distraction rates (so-called ''runaway nail'') [19, 26] , which may predispose to insufficient bone regeneration [1, 17, 24] .
Treatment options for insufficient bone regenerate after intramedullary lower limb lengthening are limited only to bone grafting with or without exchange nailing [8, 20, 26, 27] . No description is available for the possible morphologic types of regenerate failure or a working classification to facilitate treatment decisions and postoperative workup according to this morphology.
The aims of this study are to answer the following questions: (1) What are the risk factors for distraction problems with femoral lengthening using the ISKD nail? (1) What are the major risk factors for insufficient bone regenerate after intramedullary femoral lengthening? (3) Can a radiologic classification system of insufficient bone regeneration with lengthening nails be described?
Patients and Methods
We obtained approval of the Institutional Review Board for this prospective study (#2948). We analyzed prospectively collected data for all patients who had intramedullary femoral lengthening at our institution from July 2002 to June 2008. Thirty-five patients had 37 femoral lengthening procedures using the ISKD nail (Orthofix, Valley, Germany). The indications for femoral lengthening were shortening between 20 and 80 mm. Contraindications were open physis, the presence of active infection, irregular or too narrow medullary canal, or too short femur for the available ISKD nails. The mean age of the patients at the time of the lengthening procedure was 33 ± 11 years (range, 16-61 years). They were followed up for a minimum of 12 months (average, 27 ± 9 months; range, 12-55 months).
The length gain was 42.8 ± 12.9 mm (range, 25-70 mm) with a median of 40 mm, and the distraction rate was 1.2 ± 0.4 mm (range, 0.7-2.8 mm). Twenty-two patients with 23 ISKD nails had posttraumatic shortening (one patient had 10-cm femoral shortening and two-stage femoral ISKD lengthenings), 11 patients had congenital shortening, one patient had bilateral cosmetic femoral lengthening, and one patient required lengthening after tumor (chondrosarcoma) resection.
Eighteen limbs had acute correction of associated deformities through the osteotomy site: posttraumatic (n = 15), congenital (n = 2), and posttumor resection (n = 1). Excluding the patient with posttumor shortening, deformities ranged from an average 6°varus to 8°valgus malalignment and 17°external to 26°internal rotation. The patient with the history of chondrosarcoma had a severe complex deformity (15°varus, 68°procurvatum, and 14°external rotation). This complex deformity was the result of a failed trial of lengthening using an external fixator. Additionally, the patient had a history of local radiotherapy and nine previous surgical procedures at another institution.
The osteotomy for lengthening was performed at the same level of a previous surgical intervention or previous trauma in nine patients. Twelve femoral lengthenings were performed with a tibial ISKD nail as a result of a narrow femoral medullary canal (the smallest diameter of tibial ISKD nails is 10.7 mm in contrast to 12.5 mm for femoral nails). Five patients were smokers. Radiologic workup included preoperative bilateral fulllength standing radiographs of the lower limbs to assess the frontal plane alignment and plane radiographs for the lengthened side. Preoperative CT was used in all patients to calculate the length and torsional differences. CT was requested to assess the quality of the regenerate in four patients with insufficient bone regenerate.
The operative procedures were performed with the patient in the lateral decubitus position and all nails were inserted through antegrade portals. The first step was to implant two parallel 5-mm Schanz screws in the proximal and distal fragments of the femur to control rotation, taking care that they did not interfere with nail insertion. A percutaneous multiple drill hole transverse osteotomy was performed in the shaft area according to preoperative planning. The medullary canal then was overreamed by an average 2 mm and the nail was inserted and locked proximally and distally. With the help of the Schanz screws, 20 rotations between the proximal and distal fragments were performed and the monitor of the ISKD nail was used intraoperatively to detect at least one pole change of a magnet fixed on the distal part of the ratchet mechanism of the nail.
Postoperatively, the patients were allowed partial weightbearing with 15 kg from the first postoperative day. The patients were instructed to follow up the distraction process through the external monitor of the ISKD nail at least five times daily with the aim of a distraction rate of 1 mm/day from the fifth postoperative day. In case of an increased distraction rate, the patients were instructed to reduce their activity level and weightbearing, whereas in case of a decreased distraction rate, they were advised to increase their activities and to perform manual rotations of the femur assisted by their partners or family members. All patients were followed up weekly during the distraction phase and then every 6 weeks during the consolidation phase. Radiographic control was performed at each followup and the distraction gap was measured and compared with the readings of the external monitor of the nail.
We evaluated two main outcomes: distraction problems and insufficient bone regenerate. Nondistracting nails were defined as nails that fail to distract in situ despite the compliance of the patients with all previous instructions. We defined runaway nails as ISKDs distracting with a speed greater than 1.5 mm/day despite the compliance of the patients with all previous instructions and even complete bed rest. A distraction rate of 1.5 mm/day was reported by Schiller et al. [24] to disrupt angiogenic cascade and new vessel formation required for bone regeneration and healing. Accordingly, we divided patients into two groups: patients with a normal distraction rate versus patients with distraction problems (runaway or nondistracting ISKDs). We compared both groups regarding the degree of medullary overreaming obtained from the operative records and the distance between the tip of the nail and the osteotomy site. Also, the length of the thick part of the nail engaged in the distal fragment was measured from the postoperative radiographs, particularly identifying those with less than 80 mm or greater than 125 mm engaged distally, which may predispose to runaway or nondistracting ISKDs, respectively [26] .
To study the problem of regenerate failure, we divided the patients into two groups: patients with insufficient bone regenerate requiring surgery versus patients with normal bone regenerate. The incidence and risk factors applicable to our patients were analyzed (Table 1 ). Patients were further subdivided according to age into two groups (younger than 30 years or 30 years or older) to compare the incidence of insufficient bone regenerate in each age group. Similarly, our median of length gain was 40 mm and therefore patients were subdivided into two groups (40 mm or less or greater than 40 mm).
The radiologic workup was reviewed by two authors (MK, SH) and compared with the different shapes of callus formation described by Li et al. [21] . We identified two main types of failure of bone regeneration: either a partial failure resulting in a partial bony defect (Type I) or a complete circumferential failure causing complete segmental bone defect (Type II). Complete failure was further subdivided according to the length of the defect: 3 cm or less or greater than 3 cm (Types IIa and IIb, respectively) ( Table 2 ; Fig. 1 ).
We used the Mann-Whitney U test to detect significant differences for continuous variables between different groups. Chi square test was used for categorical variables and relative risk was calculated for variables suitable for 2 9 2 contingency tables. Data were shown in the form of mean ± SD. A p value less than 0.05 was considered statistically significant. We performed all statistical . Post hoc power analysis was performed for goodness-of-fit tests, ie, contingency tables with effect size = 0.5, a = 0.05, total sample size of 37, and degree of freedom = 1, and we found a statistical power of 86% for our analyses (G*Power 3.0.10; Franz Faul, Universität Kiel, Germany).
Results
The desired lengthening was achieved in all patients. The healing index for patients with normal consolidation (n = 29) was 1.2 ± 0.3 months/cm (range, 0.6-2.1 months/cm). None of our patients had restriction of ROM of the hip or knee compared with the preoperative range. Distraction problems were encountered in eight femora: seven had runaway nails and one had a nondistracting nail. The level of the osteotomy and extent of overreaming had no major influence on the incidence of distraction problems. Of four patients with less than 80 mm of the thick portion of the nail engaged in the distal fragment, only one had a runaway nail. Furthermore, of 21 patients with greater than 125 mm engaged distally, only one had a nondistracting nail and was managed successfully with manipulation under anesthesia ( Table 3) .
Eight patients (21.6%) had insufficient bone regenerate that required surgical intervention. Distraction rates were significantly higher (p = 0.016) with five runaway nails. Furthermore, the incidence of insufficient regenerate was greater in patients 30 years or older (46.7% versus 7.1%, RR = 4.7, p = 0.068), with lengthening greater than 40 mm (37.5% versus 9.5%, RR = 3.9, p = 0.041), and in smokers (37.5% versus 6.9%, RR = 3.8, p = 0.025). Acute correction of associated deformities and osteotomy at the level of previous surgery or trauma increased the risk of insufficient regenerate by 1.8 and 1.9 times, respectively (p = 0.376 and 0.327, respectively) ( Table 4) .
Radiologically, failure of regenerate formation was classified as Type I (n = 3), Type IIa (n = 2), or Type IIb (n = 3). In all cases with partial failure, the defect was located at the anterolateral cortex of the femur (Fig. 1) . Patients with Type I and Type IIa failure were managed with reamed exchange nailing and/or autologous iliac bone grafting and osteogenic protein 1 (Fig. 2) . Particular attention was paid during reamed exchange nailing, especially in patients with Type IIa defects to prevent loss of gained length by applying an external fixator before nail exchange. Patients with Type IIb failure were managed by segmental bone transport using an external fixator over the lengthening nail (''monorail technique,'' n = 2) ( Fig. 3) or partial prosthetic diaphyseal replacement (n = 1, the patient with the history of chondrosarcoma resection) (Fig. 4) . The postrevision weightbearing and rehabilitation protocol was more careful for patients with complete defects ( Table 5 ).
Discussion
The control of distraction rate and rhythm with the ISKD nail may be a problem causing regenerate failure [19, 26] . The aim of our study was to examine the risk factors of Greater than 40 mm (n = 16) n = 10 n = 6 3.9
Distraction index (mm/day) 1.1 ± 0. distraction problems, insufficient bone regeneration, and radiologic types of the latter complication in 37 consecutive femoral lengthening procedures using the ISKD nail. There are some limitations in this study. Smoking as a risk factor was not sufficiently recorded in the form of number of cigarettes per day and for how long the patient was a smoker (smoking index). Second, the number of patients who had developed insufficient bone regenerate was too small to conclude specific treatment guidelines. Third, the intraobserver and interobserver reliability of our radiologic classification were not verified.
The incidence of insufficient bone regenerate was high in our study (21.6%). The most important risk factor was a distraction index greater than 1.5 mm/day (nine times higher risk). Distraction rates of 1.5 mm/day have been found to be inhibitory for new vessel formation and for effective bone healing in a rat model of limb lengthening [24] .
Distraction problems with the use of ISKD nails have been reported [19, 26] . Kubiak et al. [19] have explained failure of distraction by the anterior cortical impingement resulting from the use of a straight nail in a curved femur and by the compressive forces created by the soft tissue that prevent lengthening. Simpson et al. [26] reported 15 out of 33 lengthened femora with distraction problems (runaway nails = 7, nondistracting nails = 8). They found an osteotomy placed with less than 80 mm or greater than 125 mm of the thick part of the nail engaged in the distal fragment was more likely to cause uncontrolled lengthening or a nondistracting nail, respectively. Furthermore, overreaming by 2.5 to 3 mm was reported to prevent a nondistracting nail. In contrast we could not corroborate a relationship between distraction problems and the length of nail engagement in the distal fragment. In our series, 21 patients had greater than 125 mm of the thick part of the nail engaged distally and only one had a nondistracting nail develop. So far, the cause of these distraction problems seems not to be fully understood. An internal mechanical malfunction in the lengthening mechanism of the nail cannot be ruled out.
Age 30 years or older, lengthening magnitude greater than 4 cm, and smoking were associated with a higher risk of insufficient bone regeneration. Age and lengthening magnitude are known factors affecting the consolidation index [6, 7] . Patients younger than 20 years and those between 20 and 29 years achieve healing considerably faster than older patients [7] . Additionally, Zheng et al. [32] found nicotine exposure decreased blood flow and bone formation during distraction osteogenesis with decreased osteoblastic bone morphogenetic protein.
Creation of the osteotomy at the same site of previous trauma or surgery and acute correction of associated deformities may complicate regenerate formation. The potential deleterious effect of previous trauma or surgery on the local soft tissue and periosteum, and therefore on bone regeneration, may be responsible [3, 6] . Acute correction of associated deformities also can be traumatic to the local blood supply, especially if initial diastasis took place [21] .
We had a significantly greater incidence of insufficient bone regenerate that necessitated operative intervention in comparison to other authors ( Table 6 ). In comparison to these studies, we had the highest incidence of runaway nails. Simpson et al. [26] reported nearly the same rate of runaway nails; however, the distraction indices were not reported, therefore, we cannot compare both groups regarding rates of distraction. They also reported patients with uncontrolled lengthening had much slower consolidation. Five of these cases underwent exchange nailing and one required bone grafting [26] .
In our study, three patients had complete failure of regenerate formation and segmental femoral defects greater than 3 cm in length where there is an indication for segmental bone transport [5, 14, 29] . The decision-making in cases with Type IIb defects according to our classification should be based on the local biologic situation and the general health of the patient. If the patient is relatively young and has good local tissue quality, segmental bone transport using an external fixator over the lengthening nail (monorail technique) is a good option, but in case of a poor local biologic situation as with our patient with a history of local radiotherapy, diaphyseal prosthetic replacement is a good alternative to allow early mobilization. On the other hand, patients with partial defects or complete defects less than 3 cm can be managed effectively with bone grafting and/or exchange nailing. The location of the defect in patients with partial failure of regenerate formation was always in the anterolateral cortex, which is explained by the effect of the surgical exposure for corticotomy on the blood supply [3, 6] . Segment transport using external fixator over the lenghtening nail * The time between the index lengthening procedure and the first revision to manage insufficient bone regenerate and nonunion; age 30 years or older; à lengthening magnitude greater than 40 mm; § distraction rate greater than 1.5 mm/day.
The main disadvantage of the ISKD nail is the inability to accurately control the distraction rate. A lengthening nail with better control of distraction rate is needed. A distraction rate greater than 1.5 mm/day should be avoided during intramedullary femoral lengthening. We believe smoking is a contraindication for intramedullary lower limb lengthening and that the osteotomy level should be chosen away from areas of previous trauma or surgery when technically possible. Moreover, we caution that acute correction of associated deformities through the same osteotomy may jeopardize regenerate healing. 
